[1] The effect of direct cumulus contamination on the aerosol optical depth (AOD) and angstrom exponent (AE) from the Multi-angle Imaging SpectroRadiometer (MISR) was examined using overlapped 15-m resolution data from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) over the tropical western Atlantic Ocean (RICO), the Gulf of Mexico (GOMX), and Indian Ocean (INDI). Overall, 12%, 6% and 11% of MISR 1.1-km pixels for aerosol retrievals contain some clouds, but 97%, 100% and 89% of these MISR pixels have the clouds covering less than 5% of the MISR pixel area over RICO, GOMX and INDI, respectively. On average, cumuluscontaminated pixels increase AOD at 558 nm by 0.02, 0.02 and 0.00 and decrease AE by 0.03, 0.11 and 0.04 for RICO, GOMX and INDI, respectively. Based on these findings, a MISR-derived aerosol optical depth climatology over the tropical oceans is biased high by no more than 0.002 from direct cumulus contamination. Citation: Zhao, G., L. Di Girolamo, S. Dey, A. L. Jones, and M. Bull (2009), Examination of direct cumulus contamination on MISR-retrieved aerosol optical depth and angstrom coefficient over ocean,
Introduction
[2] In the 2007 assessment report of the Intergovernmental Panel on Climate Change [Intergovernmental Panel on Climate Change, 2007] , the aerosol indirect forcing arising from the influence of aerosols on the microphysical, macrophysical, and radiative properties of clouds remains the most uncertain among all the identified aerosol forcings on climate. The current attempts to quantify this forcing mostly relies on correlating satellite-retrieved aerosol properties and cloud properties such as aerosol optical depth vs. cloud cover, cloud albedo and droplet effective radius [e.g., Quaas et al., 2004; Kaufman et al., 2005] . As discussed by Loeb and Schuster [2008] , this approach suffers from the fact that an observed relationship can be explained as a result of a physical phenomenon, or systematic errors in either cloud or aerosol retrievals. One source of systematic errors stems from cloud masking, which classifies satellite instantaneousfields-of-view (pixels) as either cloudy or cloud-free. All satellite aerosol retrieval algorithms assume cloud-free pixels. Thus, misclassifying pixels containing some clouds as cloudfree and using them for aerosol retrievals may potentially bias the retrieved aerosol optical depth (AOD) high and angstrom exponent (AE) low, because clouds generally have a higher reflectance and lower spectral-dependency than aerosols. Accordingly, an observed positive correlation between cloud fraction and aerosol optical depth (sometimes referred to as an evidence for the second aerosol indirect effect) can simply be caused by cloud misclassification, if the probability of misclassification is proportional to cloud fraction. The effect of cloud misclassification on aerosol retrievals is referred to as direct cloud contamination (DCC) in this paper. Clouds may also indirectly contaminate the retrieved aerosol properties of their adjacent pixels through 3-D radiative brightening or darkening (see Yang and Di Girolamo [2008] for a further discussion). In this study, we focus only on the DCC effect on aerosol retrievals.
[3] DCC has also been long suspected as one of the major causes of the large discrepancy in aerosol climatologies derived from different satellite instruments [e.g., Kinne et al., 2001; Myhre et al., 2004 Myhre et al., , 2007 . Since each satellite instrument has its own cloud masking strategy (with differing sensitivity and quality) in its aerosol retrieval algorithm, it is expected that the effect of DCC on aerosol retrievals will differ from one satellite instrument to another. In addition, DCC may bias the assessment of global direct radiative forcing of aerosols. For example, a 0.1 bias in AOD derived from satellite data over the tropics would translate into a change in solar radiative forcing of $3.2 Wm À2 [Loeb and Kato, 2002] .
[4] Although it is widely recognized that DCC can potentially cause a large bias in the retrieved aerosol properties, it has been difficult to quantify this effect, because knowledge of the true cloud fields at the sub-pixel level tends to be unavailable. Clouds that are mostly involved in DCC are thin cirrus and small cumulus. Thin cirrus has low spectral and spatial contrast with the underlying background, making them difficult to detect. The horizontal extent of cumulus clouds, ranging from a few meters to a few hundred meters [Zhao and Di Girolamo, 2007] , are generally smaller than the size of a typical meteorological satellite instrument pixel; thus they are difficult to detect.
[5] In this paper, we only examine the effect of DCC of small cumuli over the ocean on the Multi-angle Imaging SpectroRadiometer (MISR) aerosol products through data fusion with the space-time coincident observations made by the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), which is on the EOS-Terra platform with MISR. The 15-m resolution ASTER data provides an excellent reference for ''cloud truth'' for small oceanic cumulus clouds as discussed by Di Girolamo [2006, 2007] . Our examination of DCC by small oceanic cumuli has been performed over three regions where these clouds are a common cloud type and recent field campaigns were undertaken to study clouds and aerosols in the boundary layer: the Caribbean (RICO campaign [Rauber et al., 2007] ), the Gulf of Mexico (GoMACCS campaign [Bates et al., 2008] ), and the Indian Ocean (INDOEX campaign [Ramanathan et al., 2001] ). They represent pristine, moderately-polluted, and highly-polluted regions, respectively. Detailed descriptions of the datasets used in this study are given in Section 2. Section 3 describes the methodology. The results are presented in Section 4, with discussion and conclusions given in Section 5.
Data
[6] Details of the MISR and ASTER instruments can be found in work by Diner et al. [1998] and Yamaguchi et al. [1998] , respectively. Their specifications are briefly summarized in Table 1 . The common region observed by the two instruments lies within the ASTER 60-km swath. ASTER archives data collected over 60 km x 60 km regions and only when tasked to do so. We were able to task ASTER to collect data over the tropical western Atlantic Ocean ( Zhao and Di Girolamo [2007] . In brief, they visually inspected each of 403 archived scenes and discarded scenes containing any amount of visible cirrus and scenes dominated by stratiform clouds in order to study the properties of trade wind cumuli. This left 152 scenes from 24 separate days. The number of scenes used was 77, 30, 23, and 22 for the consecutive four months between Sep. and Dec., respectively. They developed a cloud mask for each of the remaining scenes using a single, scene-dependent and manually chosen threshold applied to the 0.67 mm channel at 15 m resolution. These cloud masks are used here and treated as truth. The same procedure was also applied to the ASTER scenes collected over GOMX and INDI, where 17 scenes from 7 different days and 277 scenes from 44 separate days are left and used in this study, respectively. Over INDI, the number of the scenes used were 12, 41, 84, 99, 24 and 17 for the consecutive six months between Nov., 2006 and April, 2007 ; over GOMX, they are 9 and 8 for the months of Aug. and Sep., respectively. The cloud masks of these scenes can be reproduced using the thresholds in Table S1 of the auxiliary material.
1 Note that subvisible clouds and clouds with horizontal extent less than 15 m may be undetected in these ASTER cloud masks.
[7] Version F12_0022 of the MISR level-2 aerosol data was collected over the overlapped region for each ASTER scene. We focus only on the 558-nm aerosol optical depth (AOD) and Angstrom Exponent (AE). MISR calculates AE as the negative of the slope of the fitted line of the natural logarithm of AOD vs. the natural logarithm of wavelength using all four MISR wavelengths. In the quality statement the MISR team provided at http://eosweb.larc.nasa.gov/ PRODOCS/misr/Quality_Summaries/L2_AS_Products. html, this version of the AOD product has reached a mature stage of validation relative to AE. The global comparison between MISR and AErosol RObotic NETwork (AERONET) data show that the MISR green band AOD values fall within 0.05 or 20% * AOD of AERONET, and about 40% are within 0.03 or 10% * AOD [Kahn et al., 2005 [Kahn et al., , 2007 .
Methodology
[8] MISR aerosol retrievals are reported at a 17.6 km resolution, described here as a region. Each region contains 256 1.1 km subregions, only one of which is actually used in the aerosol retrievals to represent the whole region. Unlike many satellite aerosol products, the MISR aerosol product provides the location of the selected subregions. Details of the subregion selection algorithm are given by Diner et al. [2008] . In brief, for each region, MISR uses a series of tests including cloud masking, cloud shadow masking, angle-toangle smoothness, and angle-to angle correlation to eliminate subregions not used for retrievals. Over ocean, the average reflectances of the red and near-infrared bands of the subregions that have passed the tests across the set of cameras selected is calculated. The subregion which has the minimum average reflectance is then used for aerosol retrievals. The location of each selected subregion is archived as Field ''SubrUsed'' in the standard aerosol product. An example of this field for a MISR scene taken over RICO on Dec. 9, 2004 , is given in Figure 1b .
[9] The ASTER cloud masks are projected onto the MISR grid only for the 1.1 km subregions selected for the aerosol retrievals. Each 1.1 km MISR subregion contains $5377 ASTER 15 m pixels. If any of the projected ASTER pixels in a subregion is classified as cloudy by the ASTER cloud mask, the subregion is identified as cumuluscontaminated. Only subregions that completely fall within the ASTER swath are included in our analysis. The methodology is illustrated in Figure 1 . Figure 1a is the MISR Nadir Near-IR image for Orbit 26479 over Atlantic Ocean and Figure 1b is the corresponding SubrUsed field with each grey dot representing the location of a 1.1 km subregion selected for aerosol retrievals. The larger imbedded box in Figure 1a represents the ASTER domain, and the imbedded smaller box corresponds to a 17.6 km region. The ASTER image and its cloud mask corresponding to this 17.6 km region (smaller box in Figure 1a ) are shown in Figures 1c and 1d , respectively. The grey dot at the center of the circle in Figure 1b gives the location of the 1.1 km subregion selected for aerosol retrievals and reported for the region boxed in Figure 1a , and the corresponding ASTER area at 15 m resolution is boxed in Figures 1c and 1d . The number of white pixels in the box of Figure 1d gives the amount of clouds that contaminate the circled subregion. For this subregion, no cloud contamination exists, because the number of its white pixels in Figure 1d is zero.
[10] This approach ignores errors incurred from collocating ASTER and MISR data and does not consider the effects involved with the point spread function of the instruments. These errors are considered random and, as such, do not contribute to the systematic errors described below.
Results
[11] We applied the methodology described in Section 3 to each of the ASTER scenes over the three regions. Table 2 presents a summary of our results. Over RICO, 12% of 1319 subregions contain some clouds. The average AOD for cumulus-contaminated subregions is 0.02 larger than cumulus-free subregions, and the average AE for cumuluscontaminated subregions is 0.03 smaller than cumulus-free subregions. Over GOMX, 6% of 171 subregions are contaminated with some clouds. The average AOD and AE of cumulus-contaminated subregions are 0.02 larger and 0.11 smaller than cumulus-free subregions. Over INDI, 11% of 2666 subregions are contaminated. However, no difference in averaged AOD was found between cumulus-contaminated and cumulus-free subregions, although the average AE of cumulus-contaminated subregions is 0.04 smaller than cumulus-free subregions.
[12] Figure 2 shows the histograms of AOD and AE for cumulus-contaminated and cumulus-free subregions, respectively over the three study regions. Over both RICO and GOMX, the histograms of AOD for cumulus-contaminated subregions shift to the right of those for cumulus-free subregions, indicating cloud contamination occurs more frequently at larger AOD than smaller AOD. Over INDI, although the histograms of AOD for cumulus-contaminated and cumulus-free subregions overlap with each other at large AOD values, the mode of the histogram for cumuluscontaminated subregions is larger than that for cumulusfree subregions by 0.1. Over all three regions, the AE histograms show that the percentage of cumulus-contaminated subregions having a large AE is smaller than that of cumulusfree subregions. (b) the image of the corresponding ''SubrUsed'' field with each grey dot representing the location of a 1.1 km subregion selected for aerosol retrievals for each 17.6 km region (there is one gray dot for each region reporting a valid aerosol retrieval) and black boxes indicating no aerosol retrievals resulting from overcast; (c) the ASTER Near-IR image overlapped with the 17.6 km region within the smaller box in Figures 1a and 1d the image of the ASTER cloud mask with white and gray representing cloudy and cloud-free, respectively. The box regions in Figures 1c and 1d correspond to the 1.1 km pixel region circled in Figure 1b . The larger box region in Figure 1a corresponds to the 60 km ASTER domain.
[13] The histograms of the cloud fractions of the contaminated subregions for all three regions are shown in Figure 3 . Over RICO, 97% of cumulus-contaminated subregions have a cloud faction less than 5% of a subregion area, while it is 100% and 89% over GOMX and INDI, respectively. The maximum cloud fraction of the contaminated subregions is 7%, 3% and 21% over RICO, GOMX, and INDI, respectively. We further examined the correlation between the AOD values of the contaminated subregions and their cloud fractions and found the correlation coefficients between them are less than 0.2 for all three regions (plots are not shown). In other words, the variation in the AOD value of a contaminated subregion cannot be fully explained by the variation of its cloud fraction. Other factors such as cloud optical depth may have a larger impact on AOD of a contaminated subregion than cloud fraction.
Discussion and Conclusions
[14] Using coincident observations from ASTER at 15 m resolution as reference, we have examined the impact of direct cumulus contamination on MISR retrieved aerosol optical depth and angstrom exponent over the tropical western Atlantic Ocean, the Gulf of Mexico, and the Indian Ocean, which represent pristine, moderately-polluted, and highly-polluted regions, respectively. We have found direct cumulus contamination does exist over each region. Over RICO, GOMX, and INDI, 12%, 6%, and 11% of the total subregions examined are contaminated with some cumuli, respectively. However, 97%, 100% and 89% of the contaminated subregions have a cloud faction less than 5% over RICO, GOMX and INDI respectively. Cumulus contamination is slightly higher over INDI than the other two regions. A possible explanation for this might be that the spectral contrast between clouds and their surrounding atmosphere is smaller over polluted regions than less polluted regions, making them more likely to go undetected. Another possible explanation is that the optical depths of cumulus clouds examined over INDI may actually be smaller than the other two regions.
[15] For those subregions affected by cumulus contamination, AOD are biased high and AE are biased low, but the biases are small. On average, cumulus contamination causes an increase in AOD by 0.02, 0.02 and 0.003 for RICO, GOMX and INDI, respectively. Cumulus contamination also causes a decrease in AE by 0.03 (3%), 0.11 (9%) and 0.06 (5%) for RICO, GOMX and INDI, respectively. With less than 11% of pixels affected by cumulus contamination, which have biases less than 0.02, we should expect that AOD climatologies derived from MISR over the tropical oceans contain biases due to cumulus cloud contamination of no more than 0.002. This bias is small compared to the uncertainties reported in the MISR quality statement.
[16] Over INDI, although the difference in average AOD between cumulus-contaminated subregions and cumulusfree ones is smaller than 0.01, the mode of the AOD histogram for cumulus-contaminated subregions is larger than that for cumulus-free subregions by 0.1. Based on the AOD histograms for the three regions, the probability that a subregion is contaminated with clouds is proportional to its AOD. The most likely explanation why cumulus-contaminated subregions generally have a higher AOD than cumulus-free subregions is the higher spectral reflectance of clouds compared to aerosols. However, it is also possible that aerosols of cumulus-contaminated subregions may actually have larger AODs than those of cumulus-free subregions due to physical and chemical interactions between aerosols and clouds (see Su et al. [2008] for a review).
[17] The fact that the effects of cumulus contamination on MISR AOD and AE are small reveals the validity of the cloud-screening algorithm used by the MISR aerosol algorithm over ocean. The results indicate that direct cumulus contamination may have little impact on any observed correlation between aerosol and cloud properties in the MISR data set. The results also imply that direct cumulus contamination may not contribute to the large differences in aerosol climatologies derived from MISR and other satellite instruments as reported in previous studies [i.e., Myhre et al., 2007; Mishchenko et al., 2007] , at least on MISR's part. To further resolve this issue, we recommend that other instrument teams provide the needed aerosol sampling information, akin to the SubrUsed field of MISR, as a field directly in the instruments' aerosol products to help facilitate the impact of clouds on their aerosol product. 
